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Abstract
We present the design and construction of an NMR probe to investigate single crystals under strain at
cryogenic temperatures. The probe head incorporates a piezoelectric-based apparatus from Razorbill
Instruments that enables both compressive and tensile strain tuning up to strain values on the order of 0.3%
with a precision of 0.001%. As NMR in BaFe2As2 reveals large changes to the electric field gradient and
indicates that the strain is homogeneous to within 16% over the volume of the NMR coil.
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We present the design and construction of an NMR probe to investigate single crystals under strain at
cryogenic temperatures. The probe head incorporates a piezoelectric-based apparatus from Razorbill
Instruments that enables both compressive and tensile strain tuning up to strain values on the order of
0.3% with a precision of 0.001%. 75As NMR in BaFe2As2 reveals large changes to the electric field
gradient and indicates that the strain is homogeneous to within 16% over the volume of the NMR
coil. Published by AIP Publishing. https://doi.org/10.1063/1.5002631
I. INTRODUCTION
Nuclear Magnetic Resonance (NMR) is a powerful tech-
nique that probes the spin and charge degrees of freedom of
matter and is a vital tool in many branches of science including
physics, chemistry, biology, materials science, and medicine.
NMR is particularly important for the study of solid state
materials, both in single crystals as well as polycrystalline
materials, because it is versatile and can be performed in a vari-
ety of extreme environments. To date NMR has been reported
under cryogenic conditions down to sub-mK temperatures,1
at high temperatures exceeding 1500 K,2 in static magnetic
fields up to 44 T,3 in pulsed magnetic fields up to 62 T,4 and
under quasi-hydrostatic pressures up to 20 GPa.5 Such experi-
ments are necessary because the behavior of matter under these
extreme conditions often reveals important fundamental and
practical information about the behavior of the electrons in
these materials. Recently, there has been considerable interest
in the behavior of solids under strain and uniaxial stress. Strain
is another physical parameter that can be used to explore new
regions of phase space, particularly for metals and for strongly
correlated electron systems such as unconventional supercon-
ductors, low dimensional quantum magnets, and topological
materials, in which the Fermi surface or magnetic interac-
tion strength can be tuned, giving rise to strong modifications
of the electronic state.6–12 Here we report an NMR probe
head that enables NMR under tunable homogenous strain
with high precision. The NMR probe is designed to oper-
ate with a Quantum Design Physical Properties Measurement
System (PPMS) in fields up to 9 T and temperatures down to
1.5 K.
NMR measurements under strain have been reported pre-
viously using a horse-shoe clamp device, in which the crystal
is suspended on fine wires and tensile strain is applied by tight-
ening a screw.13 In this case, stress on the order of a few MPa
is applied at room temperature, but the strain is poorly con-
trolled at cryogenic temperatures due to differential thermal
contraction between the clamp and the crystal. Furthermore,
strain can only be applied at room temperature, requiring
significant adjustments to the probe head with the possibility of
misalignment. Finally, thermal contraction may give rise to
unbalanced torques and hence crystal misalignment at low
temperatures.
The probe head described here is superior because it offers
precision control of the strain through a combination of piezo-
electric stacks and a capacitive position sensor. This combina-
tion enables active feedback control to achieve sub-nanometer
position control over time scales of several hours.
II. PIEZOELECTRIC APPARATUS
The central feature of the NMR probe head is a
piezoelectric-based apparatus developed by Hicks and col-
laborators,14 and is commercially available from Razorbill
Instruments Ltd. (Edinburgh, UK). This device consists of a
pair of piezoelectric stacks that can apply either tensile or com-
pressive strain in situ through the application of bias voltage,
as illustrated in Fig. 1. Because the piezoelectric stacks are
arranged to cancel out thermal expansion, strains induced by
differential thermal expansions are significantly reduced and
can be overcome by applied voltage to the piezo stacks. Our
probe head, shown in Fig. 2, integrates the CS100 device with
a diameter of 25 mm so that it can fit within the bore of a PPMS
cryostat.
The CS100 consists of two sets of piezoelectric stacks, one
inner and two outer. The outer stacks expand the displacement
gap with positive voltage, and the inner stack contracts the
displacement with positive voltage. In tandem, the two sets of
stacks can cover a range of approximately 6 µm, depending
on the temperature and applied voltages, as shown in Fig. 3.
The voltage is controlled via two high performance voltage
amplifiers (PDm200B, PiezoDrive) and a 14-bit USB digital-
to-analog converter (USB-6001 DAQ, National Instruments)
interfaced with a desktop computer. The four voltage leads are
connected via 0.8 mm PTFE insulated copper cables to the top
of the probe. At the top of the probe, the four voltage wires are
soldered to a 4-pin panel mount hermetic LEMO connector.
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FIG. 1. (a) Diagram of the Razorbill Instruments CS100 device, showing
(b) the piezoelectric stacks and the mounted sample.
The displacement is measured by a parallel-plate capaci-
tor integrated within the CS100 device, with a nominal spacing
of approximately 40-60 µm and an area of 2.5 × 2 mm. Two
FIG. 2. Schematic diagram of the probe head. High power radiofrequency
pulses are delivered to the sample via a semi-rigid coaxial cable and a tuned
tank circuit using two cryogenic capacitors. The CS100 device is mounted
below at the sweet spot of the magnetic field. Four high power DC voltage wires
for the piezoelectric stacks and two flexible coaxial cables for the capacitive
displacement meter (not shown) go to the top of the probe.
FIG. 3. Voltage applied to the inner (red) and outer (blue) piezoelectric stacks
versus the measured displacement. Positive voltage expands the piezo stacks,
leading to an expansion of the displacement for the outer stacks and a con-
traction of the displacement for the inner stacks. The response is hysteretic,
and arrows indicate the sequence versus time.
SC-type ultra miniature coaxial cables connected to the paral-
lel capacitor plates are also connected to the top of the probe
via hermetic panel-mount BNC connectors. The capacitance
is measured with an Andeen-Hagerling Capacitance Bridge
(AH2550A), with a resolution of 0.5 aF at 1 kHz. This device
enables us to measure the displacement with sub-nm precision.
III. NMR PROBE HEAD
The NMR probe consisted of a Model 450A/B PPMS
Multi-function probe that was originally designed with a
series of electrical connections at the base to connect to the
PPMS electronics. The advantage of this approach is that it
enables us to easily connect electrical leads to the strained
sample for resistivity measurements using the PPMS sys-
tem. The CS100 cell is mounted several cm from the base,
such that the sample is located in the region of the highest
field homogeneity. Two tunable cryogenic capacitors (non-
magnetic panel mount NMTM120CEK-2L, 1-120 pF, Voltron-
ics) are mounted above the cell, as shown in Fig. 1. These
connect via a semi-rigid coaxial line to form a resonant circuit
with the NMR coil. The CS100 chassis is fabricated from tita-
nium, which has a low magnetic susceptibility and thus does
not significantly affect the magnetic field homogeneity at the
sample.
An important issue for the design of the probe is the isola-
tion of the radiofrequency coaxial cable from the high voltage
piezo driver lines as well as the sensitive capacitance coax-
ial cables. To achieve this isolation, the radiofrequency coax
passes through a stainless steel tube up to the top of the probe
to hermetic BNC connections. Shielded coaxial lines connect
the rf electronics and capacitance bridge devices to the probe,
as shown schematically in Fig. 4.
Single crystals are cut to dimensions of approximately
0.5 mm wide by 2 mm long by 0.1 mm thick. Here we
report data on single crystals of BaFe2As2, which is known to
103902-3 Kissikov et al. Rev. Sci. Instrum. 88, 103902 (2017)
FIG. 4. The piezoelectric stacks in the strain cell are controlled by voltage
amplifiers via a signal generator controlled by the computer. The capacitive
position sensor interfaces with a high precision capacitance bridge. The volt-
age applied to the piezo stacks is controlled via active feedback from the
computer.
undergo a tetragonal to orthorhombic transition at 135 K and is
well-characterized by NMR in the absence of strain.13,15 The
samples were grown and prepared as described in Refs. 13,
and 16. Free standing rigid NMR coils with the appropriate
inductance are placed around the sample (see Figs. 5 and 6),
and the crystal is secured to the CS100 strain device by epoxy
(UHU Plus 300 heat-cured epoxy resin).
To mount crystals with the magnetic field oriented parallel
to the c-axis, a sample plate guide was used as shown in Fig.
7. First, two sample plates were fastened to the cell using M2
brass screws and aligned parallel using the sample plate guide,
which itself is fastened to the cell using M1.6 screws. The dis-
tance between the two mounting pieces along the strain axis
was chosen to ensure that the NMR coil fits in between and sits
freely. A drop of UHU 300 heat-cure epoxy is then deposited
to the two ends of the sample plates using a thin stainless steel
wire. In principle, two thin wires should be placed along with
epoxy so that crystal is aligned parallel to the cell’s surface.
After the sample is secured, another layer of epoxy is deposited
to the upper surface of the sample. Sample plate spacers, which
have been polished down to limit the epoxy thickness to 30-
50 µm on both sides of the crystal, are placed on both the
sample plates. Finally, the upper sample plates are placed
FIG. 5. NMR coil and sample mounted for field alignment parallel to the
crystalline cˆ-axis.
FIG. 6. NMR coil and sample mounted for field perpendicular to the
crystalline cˆ-axis.
above the sample plate spacers and epoxy and fastened to
the cell using M2 brass screws. The cell with the sample is
then placed under a heat lamp to let the epoxy cure at around
75-80 ◦C for 40 min.
For crystals mounted with the field oriented perpendicu-
lar to the c-axis, we constructed a mounting device by cutting
a thin vertical slot in two blocks of (grade 2) titanium of
dimensions 5 × 5.6 × 1.4 mm3 as shown in Fig. 6. Slits of
width ∼0.2 mm were cut using a high-speed steel slitting cut-
ter (0.008 in. thick). Holes were tapped to secure the two
mounting pieces on the cell using the M2 screws. The two
slits were aligned along the strain axis under a Nikon SMZ800
microscope, and with the modified mounting pieces we can use
the sample plate guide. Before placing the crystal and NMR
coil, a small amount of UHU Plus 300 heat-cured epoxy was
deposited into the slits. After the crystal with the free stand-
ing NMR coil was placed, more epoxy was deposited into
the slits to fill the space between the crystal plates and the
walls in the slits. The slits are sufficiently narrow, and the
viscosity of the epoxy was sufficiently high that we did not
encounter any problems with the epoxy flowing out of the slits
on the open sides. Nevertheless, the epoxy was filled in over
a sequence of several small steps and allowed to cure each
time.
In principle, the CS100 can also be rotated by 90◦; how-
ever, in this case, the strain axis is vertical, parallel to the
applied field. This orientation is unacceptable, though, because
the NMR rf field, H1, must be perpendicular to the applied
field in order to induce a signal. Therefore, a solenoidal coil
around the sample that is oriented along the strain axis would
not work. We have had some success with a Helmholtz coil
design, which would enable the field to be oriented along the
strain axis, while H1 is perpendicular to the applied field.
However, the signal-to-noise for this orientation was signif-
icantly reduced. Alternatively, a rigid coil that is larger than
the sample but oriented such that H1 has a component perpen-
dicular to H0 can be used.13 Note, however, that it is possible
to investigate the in-plane anisotropy without orienting the
strain axis along H0. By symmetry, negative (compressive)
strain with H0 perpendicular to the strain-axis is approximately
equivalent to positive (tensile) strain with H0 parallel to the
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FIG. 7. Mounting sequence: (a) The sample plates are aligned with the sample plate guide; (b) the sample is secured with epoxy; and (c) the upper sample plates
are secured at a distance determined by the sample plate spacers.
strain axis. For materials with a sufficiently large Poisson ratio,
there are strains introduced along the directions perpendicular
to the strain axis and other strain modes such as xx + yy may
be present. As a result, the equivalence between the field direc-
tions and a real rotation of the sample is broken, which could
produce asymmetries in quantities measured via this method.
However, we have found linear behavior over a broad range
of strains in the BaFe2As2 sample studied here, suggesting
that these other modes do not play a significant role in this
case.17
IV. ACTIVE FEEDBACK CONTROL
The creep behavior of the piezoelectric actuators, in which
the length changes at constant voltage, presents a challenge
for long-term NMR measurements over the course of sev-
eral hours. After setting a new voltage or temperature, the
displacement of the stacks drifts by several percent over the
course of several minutes to hours. If the NMR properties
under investigation are strain-sensitive, this creep can give
rise to unacceptable errors. Long-term stability is also impor-
tant for other measurements, such as specific heat, µSR,
and neutron scattering where time duration is an impor-
tant factor. For example, at large-scale facilities with limited
beam time availability, waiting for the piezoelectric stacks
to relax would be prohibitively expensive. In order to over-
come these issues, we implemented active feedback control
using a Proportional-Integral-Deriviative (PID) control loop.
A Python script running on the computer uses the input signal
from the capacitance bridge and determines an error based
on a desired displacement setpoint. The output voltage is
then determined based on this error signal. Depending on the
setpoint, either the inner or the outer stack is used for the feed-
back control, while the other set of stacks is left to drift at a
fixed voltage. Figure 8 shows the time-dependence of the dis-
placement and voltage after a new setpoint is implemented.
Using this approach, we have been able to achieve displace-
ments that stabilize quickly and remain stable over days with
0.9 nm rms fluctuations.
FIG. 8. Displacement (red), inner (blue), and outer (green) stack voltages
versus time. At approximately 190 s, the setpoint displacement was set to
53.0 µm. The setpoint was reached and stabilized by approximately 180 s.
The applied voltage drifted over time as the active feedback compensated for
the drift of the piezoelectrics.
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V. ELECTRIC FIELD GRADIENT CONTROL
Determining the strain,  = (x−x0)/L0, where x is the dis-
placement and L0 is the sample length, requires knowledge
of the unstrained length, x0. However, differential thermal
contraction at cryogenic temperatures will give rise to finite
strains, even if the crystal is secured at room temperature in
zero strain. Although it is possible to employ a strain gauge
to calibrate the displacement, a superior approach is to mea-
sure an intrinsic NMR property of the material of interest.
An ideal quantity is the electric field gradient (EFG) asym-
metry of a quadrupolar nucleus. Here we consider the EFG
of 75As (I = 3/2) in BaFe2As2, shown in Fig. 9 at 138 K.
Above the structural transition, the EFG tensor at the As site
has tetragonal symmetry, and therefore νxx = νyy =−νzz/2.18
Strain, however, breaks the tetragonal symmetry and gives rise
to a non-zero asymmetry parameter, η = (νxx − νyy)/νzz. In this
case the quadrupolar splitting, νyy is a strong function of the
displacement, as shown in Fig. 9. The strong linear variation
indicates that the asymmetry parameter is changing with dis-
placement. By comparing νyy with the value in the unstrained
case, we identify x0 = 51.53 µm as the displacement in the
absence of strain at this temperature, where η = 0.
Although the epoxy securing the crystal to the device
may be expected to deform, the strong linear variation of the
EFG with strain indicates that a large portion of the strain is
indeed transferred to the sample. Furthermore, we find that
the linewidth of the quadrupolar satellite does not exhibit any
significant variation with strain, as shown in Fig. 9. This result
indicates that the strain remains homogeneous over the vol-
ume of the crystal within the NMR coil, otherwise we would
observe broadening of the resonance with increasing strain.
We observe that dνyy/d =−259 MHz, whereas the average
linewidth is δνyy = 125 kHz, implying an upper bound on the
strain inhomogeneity of less than δ . 4.8 × 10−4. The strain
varies from 0.002 to +0.003 over this range, so δ/ . 16%.
FIG. 9. Quadrupolar splitting and quadrupolar linewidth versus displacement
for the As site in BaFe2As2 at 138 K. The solid line is a linear fit to the data,
and the dashed line is the value in the zero-strained case.
VI. CONCLUSIONS
The NMR probe with precision strain control enables a
new regime of NMR experiments under extreme conditions.
Homogeneous displacements up to±6 µm at room temperature
(±3 µm at cryogenic temperatures) can be achieved with a
stability of 0.5 ppm over multiple hours for a sample length of
∼2 mm. NMR quantities such as the Knight shift, EFG, and
spin-lattice relaxation tensors can be probed, which can shed
new and important light on the electronic behavior of materials
under extreme conditions. In light of these new results, it may
be worthwhile to revisit previously studied materials using
strain to tune the electronic properties.
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